Purpose To test the impact of method of administration (MOA) on the measurement characteristics of items developed in the Patient-Reported Outcomes Measurement Information System (PROMIS). Methods Two non-overlapping parallel 8-item forms from each of three PROMIS domains (physical function, fatigue, and depression) were completed by 923 adults (age 18-89) with chronic obstructive pulmonary disease, depression, or rheumatoid arthritis. In a randomized crossover design, subjects answered one form by interactive voice response (IVR) technology, paper questionnaire (PQ), personal digital assistant (PDA), or personal computer (PC) on the Internet, and a second form by PC, in the same administration. Structural invariance, equivalence of item responses, and measurement precision were evaluated using confirmatory factor analysis and item response theory methods.
Introduction
Advances in survey data collection technologies are enabling substantial improvements in the measurement of patient-reported outcomes (PRO). Technologies such as telephone interactive voice response (IVR), computerbased interfaces, and handheld devices enable electronic data capture, with many advantages including cost savings for data collection and processing and score estimation in real time. Additionally, electronic data capture technologies are flexible, allowing for use of static (pre-selected) or dynamic (matched to the respondent) selection of survey items. However, the migration from paper-pencil to electronic data capture technology may influence item responses in ways that are not related to the health concept being measured. These effects of differences in methods of administration warrant further study.
A meta-analysis of 65 studies of method of administration (MOA) effects in PRO measurement found that the average absolute mean difference was 1.7 % of the score range (approximately 1.7 points on a 0-100 scale) for comparisons of paper questionnaire (PQ) and personal computer (PC) MOA and 2.4 % of the score range for comparison of PQ and personal digital assistant (PDA). While some inconsistencies were found, the mean difference was within ?/-5 % for 93 % of the studies [1] . For studies evaluating PQ and computerized MOA on the same persons, the weighted summary correlation between MOA was 0.90 (95 % CI 0.87-0.92) [1] , not significantly smaller than test-retest reliabilities in the studies where this was examined. Thus, the meta-analysis and subsequent studies [2, 3] generally support the equivalence of PQ, PC, and PDA MOA [1] .
Several studies have compared PQ and phone interview MOA [4] [5] [6] [7] [8] [9] [10] [11] [12] , but fewer studies have assessed IVR technology for health outcomes measurement. In this field, the studies have found only non-significant [13] or small score differences [14, 15] between PQ and IVR and high agreement between the two MOA [14] .
Thus, most studies support equivalence of self-administered PQ, PC, PDA, and IVR MOA. However, many studies were small and usually did not include explicit statements on the minimal important difference or the power of the study to evaluate equivalence. Further, most studies have compared only two modes and have not performed a comprehensive evaluation of equivalence across the most frequently used modes. Using the latest test development procedures and extensive input from patients, large item banks have been created to measure common PRO domains, including physical function, fatigue, pain, social role, and emotional distress [16] . A number of brief questionnaires (short forms) and more sophisticated assessments using computerized adaptive testing (CAT) software were constructed using item response theory (IRT). In addition to developing item banks and conducting studies to evaluate the validity of the new instruments, PROMIS has also carried out studies on topics pertinent to all self-report assessment, for example, on various retrospective recall periods, accessibility to physically challenged individuals, and MOA, the topic of this paper [17] [18] [19] .
The present study was designed to examine how differences in MOA affect psychometric properties and score differences and to evaluate the consistency of any differences between MOA across PROMIS health domains, using alternate forms constructed from the PROMIS item banks. Four MOA were compared: PQ, IVR, PC, and PDA. The study has two main purposes: to test equivalence across MOA, and if MOA effects are found, to estimate the magnitude of the MOA effects to allow calibration of scores across MOA.
Methods
Two substudies were conducted. Both used a randomized cross-over design, in which two non-overlapping parallel forms (Form A and Form B) consisting of eight items from each of three PROMIS domains (physical function (PF), fatigue (FAT), and depression (DEP)) were administered. To limit response burden, we restricted the study to three domains. Based on the theoretical framework of the physical to mental health continuum [20] , we selected the domain that is the strongest measure of physical health (physical function), the domain that is the strongest measure of mental health (depression), and a domain-fatigue-that reflects both physical and mental health. In study 1, participants were randomized to complete one form by IVR, PQ, or PC, and the second form by PC. The order in which forms were administered and the combination of form and MOA were randomized. In Study 2, all participants were assessed by PDA and PC. This study was performed separately, because the PDA administration required in-person contact. The order of forms and the combination of form and MOA were randomized. The overall design of the study is presented in Fig. 1 .
Sample and procedures

Study 1
Data for the IVR-PC, PQ-PC, and PC-PC arms were collected by YouGovPolimetrix, an Internet panel company [21] . YouGovPolimetrix contacted panelists age 18 or older who were fluent in English and had previously indicated that they had rheumatoid arthritis, chronic obstructive pulmonary disease (COPD), or depression. These three disease groups were chosen to represent a broad spectrum of conditions that have well-documented impact on the selected PRO domains [22] . Subjects had to verify that they were diagnosed by a physician and taking diagnosis-specific medication (and for depression were undergoing treatment by a mental health professional). We stratified sampling to achieve equal representation of each group. Subjects reporting more than one condition were randomly assigned to one diagnostic group.
All participants started the assessment on a PC, were screened for eligibility and consented, and answered one item about the impact of their disease on everyday life. To ensure a sufficient distribution of impairment within each diagnostic group, a quota was imposed aiming to achieve equal representation of low, medium, and severe disease impact. This study included 723 persons, well above the target sample of 600 (see Fig. 1 ).
After qualifying for the study, participants were randomized to study arm through computer-generated random numbers (Fig. 1) . If the participant was randomized to an arm where the PC MOA was first and the PQ or IVR MOA was second, a PROMIS static form and user experience questionnaire were administered by PC, followed by sociodemographic and health literacy items. Depending on randomization, the subject then was instructed to complete a previously mailed paper-pencil questionnaire or call a tollfree number for the IVR assessment to complete the alternate PROMIS form. After completing the second PROMIS form, the subject returned to the PC and completed the study (Fig. 2) . If the subject was randomized to an arm where the PQ or IVR MOA was first and the PC MOA was second, the subject completed a PROMIS form by PQ or IVR first, then completed the first user experience questionnaire and all remaining items by PC (Fig. 2) . Subjects assigned to the PQ arm ( Fig. 1) were requested to mail back the form after completing both assessments. If the participant was randomized to a PC-PC arm, all assessments were completed by PC. Presentation of items followed PROMIS conventions; the PC administration displayed one item per screen, while the PQ layout grouped items with the same response categories together in a grid. IVR recordings were developed for the PROMIS initiative using a female voice.
Study 2
Data for the PDA-PC arms were collected through a multiphysician rheumatology practice on Long Island. Two hundred individuals participated. Eligibility criteria were (1) rheumatology patient at the practice, (2) age 18 or older, (3) fluent in English, (4) able to hold a writing implement, and (5) no visual impairment that would interfere with study participation. Recruitment through flyers and posters was conducted in the waiting room of the practice with the help of a trained research assistant. Participants could complete the study before or after their doctor's visit, or on a day where they did not have a scheduled appointment but were willing to come to the practice. Upon consent, participants were asked to complete the PDA-PC sequence. The order of survey elements was similar to Study 1. Randomization to one of four arms (order of MOA and order of form, Fig. 1 ) was accomplished by the research assistant opening the next envelope in a numbered sequence that had one of the four administration orders. The two assessments were separated by a short interval (e.g., 5-10 min), to allow participants to switch from one MOA to another and answer health literacy and sociodemographic questions. Both PC and PDA displayed one item per screen. Participants were compensated with up to $50 for participation. Both studies were approved by the New England Institutional Review Board (#09-107). Further, Study 2 was approved by the Stony Brook University Institutional Review Board (#2008-0280).
Measures
Parallel static forms
Item response theory (IRT) [23, 24] methods were used to develop two parallel static short forms containing eight nonoverlapping items from each of three PROMIS item banks (physical function, fatigue, and depression). The item banks had been shown to satisfy typical psychometric assumptions [25] and had been calibrated, which eliminated the need to equate parameters and scores [26] . According to IRT theory, each individual should receive the same estimated score on both short forms from the same domain, and the PC-PC arm allowed for evaluation of this assumption. However, due to the balanced design, the study was robust to departures from perfectly parallel forms.
Our goal was to construct parallel static forms that reflected the content of the larger PROMIS item banks. We selected items for each domain such that the number of items per content category within each form was proportional to the number of items per category in the full item bank. The categories were as follows: upper, central, and lower extremity functions and instrumental activities of daily living (for physical function), experience and impact (for fatigue), and mood and cognition (for depression). In addition to these content validity considerations, we used the PROMIS IRT item parameters to select items within each domain so that the parallel forms had similar test information functions. We used PROMIS Wave 1 data to check that the parallel forms provided equivalent score estimates and had equivalent known groups validity (results not shown).
Subjects also provided information on demographics, health care utilization and previous computer use, and were screened for impaired health literacy status using three items shown to be effective at detecting inadequate health literacy in relation to the Short Test of Functional Health Literacy in Adults [27] .
Analyses
A detailed data analysis protocol was approved by the PROMIS Steering Committee. This paper reports on structural invariance and equivalence of item responses across MOA as evaluated by confirmatory factor analysis and IRT models. The same analytic approach was applied to the comparison of PQ, IVR, and PC MOA and the comparison of the PDA and PC MOA. However, because selection criteria for the PDA arms were different than for the other MOA, the PDA arms were analyzed separately.
Structural Invariance was evaluated by multigroup confirmatory factor analyses, using MOA to define each group. A separate analysis was conducted for each form within each domain. The analyses used the WLSMV estimator as implemented in the program Mplus V5 [28] . The analyses tested the equivalence of factor loadings and item thresholds across MOA using chi-squared difference tests of nested models [28] . We adjusted the significance level using the Hochberg approach [29] to take the number of tests (24) into account.
The potential effect of MOA on item response was evaluated using IRT methods. This approach allowed us to separately estimate the impact of MOA on score level and on score precision, while controlling for order effects. These analyses used an extension of the graded response IRT model fitted in SAS using the NLMIXED procedure (see ''Appendix''). We used the item parameters estimated in the PROMIS item bank development [21] as fixed constants, but we also evaluated an alternative model, where the item parameters for each item were estimated in the current sample. We tested the potential impact of MOA on score level by estimating a MOA-specific adjustment to the IRT threshold parameters and tested the potential impact of MOA on score precision/variance by estimating a MOA-specific adjustment to the IRT slope parameter. When evaluating significance of these parameters, we adjusted for multiple comparisons [29] .
According to standard PROMIS practice, the IRT item parameters were standardized so that the latent score distribution in the general population was standard normal (Mean = 0, SD = 1), while the IRT score is reported in a T-score metric, which sets the general population mean to 50 and the standard deviation to 10. The study was powered to evaluate equivalence across MOA within a difference in threshold parameters of 0.2 (corresponding to a 2-point difference in the IRT score using a T-score metric) with a power of 0.85. This difference, corresponding to the 0.2 effect size suggested by Cohen and Cohen [30] as the smallest relevant effect, was chosen since we believed that potential MOA effects should be smaller than score differences that would be considered clinically relevant.
Results
Participants ranged from 18 to 89 years, with a mean of 56 years (SD = 13). A majority of participants in the rheumatoid arthritis and depression groups were women, while the COPD group had equal gender distribution. More than 90 % of participants were white and a little more than half were married. Most participants had at least some college education. About 24 % were full-time employees, 24 % were on disability, and 27 % were retired ( Table 1 ). The range of scale correlations (across Forms A and B and across the two substudies) were as follows: PF and FAT r = -0.73 to -0.59, PF and DEP r = -0.37 to -0.26, and FAT and DEP r = 0.50 to 0.57.
Multigroup confirmatory factor analyses supported equivalence of the factor structure across MOA. Table 2 shows results for tests of equality of loadings and thresholds across all evaluated domains and forms. Specifying separate thresholds or loadings for each MOA did not lead to significant improvement in fit. The smallest p-value (0.04), concerning the equality of thresholds for fatigue Form A in Study 1, was far from significant, considering the number of comparisons. Table 3 reports the results concerning the estimated impact of MOA on score level and on score precision. A negative effect on the location parameter indicates that the item is ''easier'' in the particular MOA in the sense that participants, all other things being equal, would tend to pick a response choice with a higher score. For physical function, a higher item score indicates better physical function; for fatigue and depression, a higher item score indicates more severe or frequent symptoms. The table shows no significant effect of MOA on item location, except for the effect of PDA MOA on physical functioning items. PDA MOA makes an item harder so that participants on average will score lower on physical function items. This effect is significant at a 0.05 level, but not after adjustment for multiple comparisons. Figure 3 illustrates what the implications of the estimated item parameter differences would be, if they were taken as true differences and used for score adjustments. The figure shows the adjusted PROMIS scores for a person providing a response combination that would result in a score of 50.0 if provided by PC. For physical function, for example, the adjusted score for PDA would be 50.4 (95 % CI 50.0-50.8) since physical function items are slightly harder when administered by PDA (see Table 3 ). This potential adjustment is far below the pre-specified minimal important difference (shown by the vertical broken lines), indicating that the implied mean score levels are equivalent. Since our model assumes a constant methods effect across score levels, the same adjustments would apply to other score levels (e.g., 30 or 60). Table 3 also reports the effect of MOA on IRT slopes. A positive number indicates that an item is more discriminant for the particular MOA than for the PC MOA, while a negative number indicates less discrimination for the particular MOA. The table shows three significant results concerning slopes: PQ MOA and PDA MOA result in significantly higher discrimination for fatigue items, while IVR MOA results in significantly less discrimination for depression items.
Since no minimal important difference was specified for slope effects prior to analysis, the potential clinical significance of these results was evaluated by post hoc analyses. For example, Fig. 4 shows the item category response functions for the item ''Felt nothing could cheer me up'' for PC and IVR MOA. While the functions are slightly flatter for the IVR MOA, the difference seems negligible. Similar results were observed for other items. Table 3 also reports the estimated effect on the item parameters if the item is placed in the second part of the form as opposed to the first part of the form. purpose of MOA evaluation, these parameters can be regarded as nuisance parameters. Several significant, although small, effects are seen on thresholds and several significant effects are seen on the item slopes. Finally, Table 3 shows the estimated IRT score means and standard deviations for the four clinical groups. In Study 1, the rheumatoid arthritis and COPD groups predictably had the worst physical function scores and the rheumatoid arthritis group had the worst fatigue scores, while the depression group had the worst depression score. Participants in Study 2 generally had better scores; in particular, the depression score is close to the general population mean. We tested the robustness of the results in Table 3 in several ways. (1) Dependence on standard PROMIS item parameters was evaluated by reestimating the item parameters in the current sample and then rerunning the MOA analyses. No additional significant results were found, the estimates of MOA effects on location changed very little, and the estimates of effects on slope generally changed slightly toward zero (results not shown). (2) Possible MOA effects on single items were evaluated by estimating a separate effect of MOA for each item. A borderline significant effect was found for one item, but this effect was non-significant after adjusting for multiple comparisons. (3) We performed subgroup analyses focusing on three groups for which electronic data capture might be problematic: persons 60 years or older (n = 275), persons with at most a high school or GED education (n = 142), and persons with low health literacy (n = 235). After adjustment for multiple comparisons, subgroup results were similar to the results in the total sample, with the exception that PQ items on depression had lower discrimination among those with lower education.
Discussion
This study of the effects of different MOA within the domains of physical function, fatigue, and depression was conducted as part of the PROMIS initiative [16] . We found neither statistically nor clinically significant effects on mean score levels of PQ, IVR, or PDA administration as compared to PC administration. Thus, in line with the rather substantial number of studies comparing PQ with PC or PDA [1] and with the more limited number of studies comparing IVR and PQ [31] , our results provide strong support for the equivalence of scores from PC, PQ, IVR, and PDA MOA.
We found a few significant effects of MOA on score precision as assessed by IRT discrimination parameters. In particular, item discrimination was significantly lower for IVR administration in the depression domain. These results suggest a slightly lower score precision for IVR administration. The impact of this lower IRT discrimination for overall scale performance should be investigated in future studies. Results of satisfaction surveys in a non-health context found that respondents to aural MOA (telephone interviews and IVR) were significantly more likely to provide extreme responses [32] . In an IRT context, more extreme responses would be seen if the item threshold parameters were clustered more closely together for each item and the item discrimination was higher. This was not the pattern found in our study; the differences may be due to the different concepts studied or the way IVR was implemented.
Our study differs from other studies of mode effects in a number of aspects that represent both strengths and weaknesses.
Sample
While most other studies have sampled from a limited number of clinical centers, Study 1 used an internet sample with explicit criteria for the selected clinical diagnoses. Judging from the score levels on the outcome scales, the three groups were indeed severely impacted by their disease. Thus, in line with standard recommendations [31] , we believe that our sample represents the most important future users of PROMIS tools: patients in clinical trials. It cannot be ruled out that our Study 1 sample has more familiarity with and skills in computers, compared to standard patient groups. However, subgroup analyses of elderly patients, patients with little education, and patients with low health literacy did not provide results that differed notably from the results in the total sample.
Parallel forms study design
While most controlled intervention studies on MOA effects either use a cross-sectional design or a test-retest design, the existence of large IRT-calibrated item banks within PROMIS allowed us to use a parallel forms design. In a cross-sectional design, MOA differences can be due to either MOA-specific response style or MOA-specific noncompletion. Our design eliminated the possibility of MOAspecific non-completion, which is the most appropriate approach if you want to combine results from different MOA within a single study. The parallel forms design avoids potential problems of the test-retest design such as participants' recollection of previous responses or a change in health between assessments. Still the parallel forms design is as powerful as the test-retest design, since analyses can be done through within-person comparisons.
We also used balanced randomization to avoid possible confounds by order of administration or if the forms were not completely parallel. Finally, we performed power analyses to make sure that the study had sufficient power to evaluate equivalence between MOA within the specified minimal important difference. In fact, since we used conservative estimates for the reliability of the forms, our study had even more power, as witnessed by the narrow confidence intervals for MOA effects (Fig. 3) .
Data analysis
The characterization of MOA effects as potential adjustments to the IRT parameters allows for independent evaluation of MOA effects on score level and on score precision. To be able to estimate the MOA effects and simultaneously control for order of administration, we had to expand standard IRT models and develop an estimation program. While experience with this type of analysis is The IRT item parameters were standardized so that the latent score distribution in the general population was standard normal (Mean = 0, SD = 1)
PC personal computer, IVR interactive voice response, PQ paper questionnaire, PDA personal digital assistant limited, we believe it is a powerful approach with clear advantages over analysis of mean score levels or ICC reliabilities, since the evaluation of score levels and score precision is performed simultaneously, but with two distinct sets of parameters. In our opinion, there is strong support for the generalization of these results to CAT for the three PROMIS domains: physical function, fatigue, and depression. While the use of a PQ comparison necessitated the use of fixed short forms in our study, the test experience for the participants was exactly the same for the electronic MOA as if a CAT had been used. The only issue that could cause MOA effects in a CAT that would be missed by our study would be if a group of items that would be prone to MOA effects was not included in the static forms used in this study. However, the static forms were developed to represent all the subdomains found in the PROMIS item banks. Further, we found no indications of MOA effects pertaining to particular items or subgroups of items.
Our findings also suggest that the MOA results may generalize to the other PROMIS domains. In studies where MOA effects have been found-in particular studies comparing PQ and phone interviews [10] -the MOA effect seems to particularly concern domains related to mental health. For this reason, we selected the three domains of our study to represent both physical and mental health. The fact that no major MOA effects were found over a very diverse set of health outcomes supports the position that no MOA effects may exist for PROMIS domains such as role participation, pain, anxiety, and anger. A further theoretical cause of MOA effects would be response choices that were well suited for some MOA, but not for others. However, since PROMIS researchers have decided on a limited number of standardized response choices that are used across most domains, the response choices tested in this study are also the ones used in most other PROMIS domains.
Finally, there is the issue of whether the results can be generalized to other groups, in particular to participants with other levels of health. The general recommendation for MOA studies is to use a study population similar to the intended users of the instrument in subsequent research or in clinical work [31] . For this reason, we selected a mixed population for Study 1, including patients with somatic and mental disorders. The clinical differences between these groups were clearly seen from their mean scores on the three outcome measures (Table 3) . Thus, we believe that the results can be generalized across a broad range of clinical conditions. The issue of equivalence for PROMIS tools for personal or phone interviews using a 'live' interviewer is still not settled. It is for these MOA that lack of equivalence has been documented most consistently, and the frameworks of social desirability and interviewer style provide good theoretical explanations as to why MOA effects could happen. We caution that we did not evaluate MOA using a live interviewer and we cannot provide any insights about this MOA.
In conclusion, our results provide strong support for the equivalence of score levels from the evaluated MOA: PC, PQ, IVR, and PDA. This conclusion is in line with the rather substantial number of studies comparing PQ with PC or PDA [1] and with the more limited number of studies comparing IVR and PQ [31] . 
